The Composite Infrared Spectrometer (CIRS) aboard the Cassini spacecraft, launched in 1997 October and inserted into Saturn's orbit in 2004 July for exploration of the Saturnian system, has been making observations of Titan during its close flybys. The infrared spectra of Titan observed over a wide range of latitudes cover the 10-1400 cm −1 spectral region with variable apodized resolutions from 0.53 to 15 cm −1 . The spectra exhibit features of the ν 4 band of methane (CH 4 ) in the 1300 cm −1 region, and the deuterated isotope of methane (CH 3 D) centered around 1156 cm −1 , along with features of many trace constituents in other spectral regions, comprising hydrocarbons and nitriles in Titan's atmosphere. An analysis of the observed infrared spectra in the 1300 cm −1 and 1156 cm −1 regions, respectively, permits retrieval of the thermal structure and the CH 3 D distributions of Titan's atmosphere. In this paper, we present a comprehensive analysis of the CIRS infrared spectra for retrieval of the CH 3 D abundance and the corresponding D/H ratio in Titan's atmosphere. The analysis is based on the 0.53 cm −1 resolution infrared spectra obtained during the Titan flybys from 2004 July 3 to 2008 May 28 over a range of latitudes extending from 74.
INTRODUCTION
Knowledge of the D/H ratio in Titan's atmosphere has been of a great deal of interest in view of its relevance to the origin and evolution of Titan, Saturn, the planetary objects, and the D/H value in the protosolar nebula from which the solar system was formed. There are a number of important issues relating to the formation, and the elemental and isotopic composition of Titan's atmosphere that are not satisfactorily resolved as yet. In view of the complex nature of the processes involved, viable explanations of the sources and evolution of Titan's atmosphere, which is denser than that of the Earth and composed mostly of N 2 with CH 4 as the second most abundant constituent, along with a complex mixture of hydrocarbons and nitriles, have been the subject of discussions for a long time (e.g., Strobel 1982; Owen 1982 Owen , 2000 Owen et al. 1986; Coustenis et al. 1991; Owen & Encrenaz 2003; Yung et al. 1984; Lunine et al. 1998; Wilson & Atreya 2004) . Methane, for example, is believed to be irreversibly dissociated, and without any renewable source, would be removed from Titan's atmosphere in an estimated time period of the order of a few tens of millions of years (e.g., Atreya et al. 2006) . The speculations of the existence of oceans of methane (e.g., Flasar 1983; Lunine et al. 1983 Lunine et al. , 1993 have been invalidated by Titan surface observations from groundbased as well as by more recent in situ and flyby observations of the Cassini-Huygens mission (e.g., Griffith 1993; West et al. 2005) . The currently held explanation of the existence of CH 4 in Titan's atmosphere is now based on episodic outgassing from internal subsurface sources that may occur on a periodic basis. Some physical evidence of outgassing, or sources in the form of openings or surface features, or lakes, is being provided by the Cassini mission, with further details remaining to be identified (e.g., Tobie et al. 2006; Stofan et al. 2007) .
A fundamental approach in resolving the enigmatic issues about Titan's atmosphere is to identify and model the series of processes involved in Saturn's subnebula for the formation of Titan and the evolution of its atmosphere. The two models currently discussed in the literature for the formation of a subnebula of Saturn in the solar nebula, and the formation and evolution of Saturn and Titan are based on the following basic scenarios.
1. In this proposed scenario, the pressure and temperature in the early Saturn subnebula were sufficiently higher than the surrounding solar nebula to permit conversion of CO and N 2 to CH 4 and NH 3 . The converted methane and ammonia are then believed to be trapped in planetesimals in the form of clathrate hydrates and hydrates, respectively, and lead to the formation of Titan. The converted methane
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is not initially enriched in deuterium. The D/H value of today requires additional fractionation. The N 2 in Titan's atmosphere is attributed to the photolysis of NH 3 or shock chemistry (Atreya et al. 1978; Prinn & Fegley 1981; Lunine & Stevenson 1987; McKay et al. 1988 ). 2. In this new modified scenario, an evolutionary turbulent model of the subnebula of Saturn has been developed by Mousis et al. (2002a Mousis et al. ( , 2002b , leading to the conclusion that CO and N 2 cannot be converted into CH 4 and NH 3 in the subnebula. They implied that some of the species including CH 4 and NH 3 originated from the presolar cloud must have been present in the solar nebula around 10 AU, and were trapped in the form of clathrate hydrates and hydrates incorporated in the planetesimals in the cooling zone of formation of Saturn. The D/H ratio of methane trapped in the planetesimals is thus inferred to be the same as the one acquired by the clathrate hydrates in the early solar nebula.
The D/H ratio in Titan's atmosphere is thus an important key parameter with the potential to provide critical constraints on the validity of the inferred processes involved in the models constructed for formation and evolution of Titan and its atmosphere. The currently known values of Titan's atmospheric D/H ratio are based on a variety of means, the most significant ones of which involve measurements of atmospheric CH 4 and CH 3 D abundances by: infrared Fourier transform spectrometer IRIS on the Voyager spacecraft measured as (D/H = 1.5 +1.4 −0.5 ×10 −4 ) during the flyby of Saturn (Coustenis et al. 1989a (Coustenis et al. , 1989b −4 ) with CH 4 mixing ratio of 1.4 × 10 −2 . The above two results are based on CIRS data, considerably more limited than the one employed in the analysis reported in this paper. The currently available measurements of the D/H ratio in Titan's atmosphere collectively indicate relatively large uncertainties by factors of ∼2-3. More accurate and reliable values with much lower levels of uncertainties are required to provide constraints on the proposed theories and the processes involved in the origin and formation of Titan and Saturn and their relationship to the formation of the planetary bodies and the solar system from the protosolar nebula.
In this paper, we present the D/H ratio of Titan's atmosphere obtained from an analysis of the measurements made by the CIRS aboard the Cassini spacecraft. The observed spectra in the 10-1400 cm −1 region exhibit the spectral features of both methane CH 4 and CH 3 D that may be analyzed to obtain atmospheric abundances of the two isotopes of methane and the isotopic ratio D/H. The results presented are based on an analysis of a large comprehensive data set acquired by CIRS from 2004 July 3 to 2008 May 28. A comparison of the retrieved deuterium enriched D/H value of (1.58 ± 0.16) × 10 −4 , is made with the currently available values for Titan's atmosphere along with the measured data for other objects of astrophysical interest. Some implications of the deuterium enrichment of Titan's atmosphere with respect to the origin and formation of Titan's atmosphere are briefly discussed.
TITAN OBSERVATIONS
The infrared observations of Titan's atmosphere were made by the CIRS launched on 1997 October 15, and inserted into Saturn's orbit on 2004 July 2, after some six and a half years of travel. The CIRS instrument was designed to measure thermal emission infrared spectra of Saturn, the rings of Saturn, its largest moon Titan, and the icy satellites, in the 10-1400 cm −1 spectral region, in both nadir and limb viewing modes. The instrument consists of dual far-and mid-infrared Fourier transform infrared spectrometers sharing the same 50 cm beryllium Cassegrain telescope and the scan mechanism. The far-infrared spectrometer covers the 10-600 cm −1 spectral range with a focal plane (FP1) consisting of two thermopile detectors with a 3.9 mrad field of view (FOV), and the mid-infrared spectrometer with two focal planes, FP3, covering the 600-1100 cm −1 range with an array of 10 photoconductive HgCdTe detectors, and FP4 in the 1100-1400 cm −1 range with 10 photovoltaic detectors. Each pixel in FP3 and FP4 has an FOV of 0.276 mrad. The spectral resolution of the spectrometer may be varied from 0.53 to 15 cm −1 (apodized). The measurements at 0.53 cm −1 resolution are an order of magnitude higher than the 4.3 cm −1 resolution of the IRIS instrument on the Voyager spacecraft. A detailed description of the CIRS instrument, its observational modes and objectives, has been given in previous publications (e.g., Kunde et al. 1990 Kunde et al. , 1996 Flasar et al. 2004) .
The Titan spectral data sets T0 to T44 analyzed in this paper represent infrared observations in the nadir viewing mode with variable spectral resolution of 0.5 to 2.8 cm −1 made by CIRS over a four year period after Saturn orbital insertion from 2004 July 2 to 2008 May 28, during Titan flybys. The nadir viewing observations employed consist of some 32 spectral data sets obtained during Titan flybys at various spacecraft distances varying from 108,000 to 1,210,000 km, corresponding to an approximate FOV of 0.
• 7-7.
• 4 of great circle arc. The spacecraft distance is in the range of ∼150,000 to 300,000 km, with the FOV on Titan generally of ∼40-75 km (Titan's equatorial radius = 2575 km), with the corresponding latitude coverage being ∼1
• -1.
• 7. The CH 3 D abundances and the corresponding D/H ratios of Titan's atmosphere determined from analysis of the referred to above do not appear to indicate any correlation with S/C observational distances.
The analysis presented here employs an averaging program over the available scans to provide composite sets of spectra arranged in latitude bins of 10
• . A detailed listing of the CIRS data sets employed in retrieval of the CH 3 D distribution and the D/H ratio is given in Table 1 , with the dates of closest approach, the average spacecraft distance of observations, latitudes, emission angles in degrees, and the number of scans for each bin of 0.53 cm −1 resolution scans. For retrieval of temperatures, each averaged high-resolution spectrum has a corresponding 2.8 cm −1 resolution averaged spectrum, made by averaging in the same latitude bin over the same observation time period. The emission angles of the averaged scans are constrained so as not to vary by more than 10
• . An example of Titan's infrared spectra in the 1100-1400 cm −1 spectral region measured by CIRS with 2.8 cm
resolution during the T15 flyby of Titan on 2006 July 2 is shown in Figure 1 . The observed spectra are employed for retrieval of Titan's thermal structure from the spectral features of the ν 4 band of CH 4 . A similar example of averaged spectra of Titan in the 1100-1400 cm −1 region with 0.53 cm −1 apodized resolution, observed by CIRS in FP4, during the T15 flyby is shown in Figure 2 
RETRIEVAL OF TITAN'S THERMAL STRUCTURE AND COMPOSITION
The thermal structure and the composition of Titan's atmosphere have been retrieved from the observed infrared spectra by employing radiative transfer models and spectral inversion techniques developed for interpretation of planetary spectra and retrieval of global maps of the thermal structure and constituent distributions. Several papers based on analysis of CIRS infrared spectra of Titan for retrieval of the thermal structure, constituent distributions, and dynamical processes have been published (e.g., Flasar et al. 2005; Teanby et al. 2006; Coustenis et al. 2007; Bézard et al. 2007; Vinatier et al. 2007; Achterberg et al. 2008; Nixon et al. 2008) . A brief description of the radiative transfer model and the inversion technique employed in this paper is given in the following.
Radiative Transfer Model
The infrared radiative transfer models and inversion techniques developed for remote sensing of planetary atmospheres and employed for retrieval of Titan's thermal structure and composition presented in this paper have been discussed in detail in previous publications (e.g., Abbas et al. 1985 Abbas et al. , 1991 Abbas et al. , 2004 LeClair 2006) . The radiative transfer calculations assume an atmosphere under LTE conditions, divided into 200 layers of equal thickness, extending from the surface to the top at a pressure of ∼0.001 millibar. The ray path is determined by including both curvature and refraction effects assuming successive layers of thickness 0.1 km. The monochromatic absorption coefficients, transmittances, and radiation intensities are calculated by line-by-line and layer-by-layer integration, and the frequencydependent quantities averaged over the apodized Hamming instrument function with resolutions of 0.53 cm −1 or 2.8 cm −1 depending upon the spectral resolution of the observation mode.
The molecular spectral data employed in the calculations are from the HITRAN compilation (Rothman et al. 2005 ).
The atmospheric model for Titan includes the gases N 2 , CH 4 , H 2 , C 2 H 4 , selected for retrieval of the pressure/temperature profiles from the observed spectra in FP4 in the 1300 cm −1 region, and in the 1120-1160 cm −1 region for retrieval of CH 3 D distribution, includes N 2 , CH 4 , H 2 , and C 2 H 4 . All other gases have negligible opacities in the selected spectral regions. The collision induced absorptions for N 2 -N 2 , N 2 -CH 4 , N 2 -H 2 , and CH 4 -CH 4 , pairs are incorporated in the calculations by using the models available in the references (e.g., Borysow & Frommhold 1986 Borysow & Tang 1993) . The opacities due to haze in Titan's atmosphere have been included by assuming a haze extinction model and fitting the continuum level of the calculated radiances to the observed values. The haze model features constant optical-thickness per unit of path length from the surface to the 10 millibar level, decreasing at higher altitudes in proportion to pressure. Fitting the continuum with other haze profile shapes (e.g., uniform, decreasing quickly with the square of pressure, and decreasing slowly with the square root of pressure) was found to have negligible effect on the resulting retrieved temperatures and CH 3 D mixing ratio.
Inversion Technique
The analytical technique for retrieval of the atmospheric vertical P/T and the constituent volume mixing ratio profiles are based on an inverse solution of the radiative transfer equation utilizing the information contained in the spectra relating to the distribution of the atmospheric parameters. This information is represented by the contribution functions that characterize the atmospheric regions from where the observed radiance may be originating (e.g., Deepak et al. 1985; Goody & Yung 1989) . The retrieval method employed in the analysis presented in this paper follows a physical approach, and is based on a set of isolated frequencies at which the observed features are of sufficiently high intensity, with well peaked contribution functions indicating atmospheric region as a source of the intensity. With observations in the nadir viewing mode and the available spectral resolution, the contribution functions are generally rather broad. The vertical atmospheric profiles then may be constructed by using interpolation techniques, a priori information, and photochemical model calculations. The basic procedure adopted in the analysis presented here has been discussed in detail in previous publications (e.g., Abbas et al. 1985 Abbas et al. , 1987 Abbas et al. , 1991 Abbas et al. , 2004 LeClair 2006) . A brief summary of the method relevant to the analysis presented in this paper is outlined here for convenience.
A model atmosphere with 200 layers of equal thickness with specified P/T and gas mixing ratio profiles (P j , T j , q j ; j = 1, N layers) is assumed. A set of frequencies is selected, satisfying the conditions that the observed radiances corresponding to the primary gas constituent are of sufficiently high signal-tonoise ratios (S/Ns), have a minimum overlap of interfering gases, and exhibit sharply peaked contribution functions over a desired range of atmospheric pressures. Radiances at the selected frequencies for the model atmosphere are calculated as outlined in Section 3.1, and an iterative process is started to minimize the difference between the observed and the calculated radiances in a least-squares sense by using a nonlinear relaxation, in order to obtain a corrected set of atmospheric parameters T max, , q max at the pressure P max , with the subscript "max" referring to the atmospheric quantities at the peak levels of the contribution functions for each frequency. The iterative process is continued until the rms residual between the observed and the calculated radiances becomes less than a predefined noise level. For suitably selected frequencies, with sufficiently high S/Ns, the convergence of the differences in the radiances to the noise level is achieved rapidly. An iterative solution where the convergence does not take place is rejected. The full retrieved profile of atmospheric parameters (P j , T j , q j ; j = 1, N layers) is obtained by log interpolation between the layers, and by scaled merging with the model profiles below and above the lowest and top peak levels of the contribution functions. If the difference between the retrieved and the model values at the top peak level of the contribution function is represented by a scale factor SF, the scaled mixing ratio in the j layer above the peak level, for example, is calculated as q ret (j) = q mod (j)[1 + x(SF−1)], where x is the normalized contribution function at the layer level j. Similar merging procedure is employed for retrieval of mixing ratios and temperature at levels below the peak level of the bottom contribution function. Since the CH 3 D profile is assumed to be of uniform distribution, it is corrected by a simple scaling process in the analysis presented in Section 3.4.
Retrieval of Titan's Thermal Structure
A global mapping of the thermal structure of Titan's atmosphere has been carried out by retrieving P/T profiles from the CH 4 band in the 1300 cm −1 region of FP4 by Achterberg et al. (2008) . However, for self-consistency of the CH 3 D retrieval analysis presented in this paper, we use the thermal structure retrieved independently by using alternative analytical techniques outlined in Section 3.2. Figure 3 shows a selection of the contributing functions indicating the range of pressure over which information about the P/T profiles may be retrieved with the selection of frequencies in the CH 4 region only. The vertical P/T profiles of Titan's atmosphere were obtained from averaged 2.8 cm −1 resolution datasets for each latitude bin, by employing 18 CH 4 emission features in the 1300 cm −1 region. Examples of temperature profiles retrieved from the observed T16 spectra for some selected latitudes are shown in Figure 4 along with the model temperature profile. Comparison plots of the observed and the synthetic spectra with the retrieved P/T profiles are shown in Figure 5 . 
Retrieval of Titan's CH 3 D Distribution and D/H Ratio
The CH 3 D distributions in Titan's atmosphere were retrieved from the observed spectra listed in Table 1 by analyzing spectral features in the ν 6 of CH 3 D in the region centered about 1156 cm −1 . Three relatively isolated spectral features or groups of lines located at 1131, 1143, and 1156 cm −1 were selected and analyzed for retrieval of distribution of CH 3 D. The first two are isolated features with a couple of lines, while the third strong feature is composed of some eight individual spectra lines centered around 1156 cm −1 . Each of the above three features were analyzed separately for best spectral least-squares fitting by following the method outlined in Section 3.2. The normalized contribution functions for retrieval of CH 3 D abundances from three spectral features are shown in Figure 6 . The approach adopted here focuses on the individual CH 3 D features separately in order to maximize the effect of their opacity, and isolate the effect of mismatch of radiances in a broader spectral region due to other miscellaneous factors. In following this approach, the continuum level in the vicinity of each spectral line is fitted independently by adjusting the haze opacity in an iterative mode. This procedure is carried out in several alternate cycles of operations, until the residual difference between the observed and the calculated spectral intensities at the selected CH 3 D frequencies and the nearby continuum levels becomes less than the noise level of the observations. A comparison of some selected plots of the observed spectra exhibiting the analyzed CH 3 D features with the calculated spectra using the retrieved abundances is shown in Figure 7 .
The D/H ratios in Titan's atmosphere represented by D/H = (1/4)q(CH 3 D)/q(CH 4 ) are calculated by retrieving the mixing ratios q(CH 3 D) from CIRS spectra in the 1156 cm −1 region, using an assumed uniform mixing ratio of CH 4 = 1.41 × 10 Table 2 , for all the data sets analyzed that provide good spectral fits between the observed and the calculated CH 3 D features for the three features for each latitude. The weighted mean value of the D/H ratios with estimated total uncertainty is calculated from the basic retrieved data by employing the following procedure. The outliers with extreme high and low values have been not been included in the retrieved data set.
Estimated D/H Error Analysis
For any single retrieval of the D/H ratio, it is assumed that the largest source of error is the noise in the observed spectrum indicated by the instrument noise-equivalent spectral radiance (NESR), which for the three spectral features of 1131, 1143, and 1156 cm −1 at the spectral resolution of 0.53 cm −1 is known to be: 5.9 × 10 −9 , 5.1 × 10 −9 , and 7.6 × 10 −9
(W (cm −2 sr −1 cm −1 ) −1 ), respectively. The noise in the observed data corresponding to the 1σ uncertainty is represented by NESR/(Nscan) 1/2. The uncertainty in the CH 3 D abundance Q corresponding to the noise in the observed radiance level at each frequency is then estimated as
with the corresponding error in the D/H ratio given by
where q is the mixing ratio of CH 4 . Model radiative transfer calculations of the variation in radiation intensity I ν with Q for the selected spectral features at 1131, 1143, and 1156 cm
indicate the values as 1.00 × 10 −3 , 1.58 × 10 −3 , 3.54 × 10
The weighted mean value of the D/H ratio is determined by following the usual approach (e.g., Table 1 . The retrieved CH 3 D abundance and the corresponding D/H ratios are given in Table 2 .
Bevington & Robinson 1992):
where the weights w i for each individually retrieved value x i are inversely proportional to the estimated error bar in the retrieved ratio, caused by the noise in the averaged spectra, written as
The D/H ratios retrieved from averages of more scans are therefore given greater weight. Following the above procedure, the weighted mean D/H ratio calculated from the individual retrieved values in all of the data listed in Table 2 , is found to be D/H = (1.58 ± 0.033) × 10 −4 with the 1σ uncertainty indicating the standard deviation of the mean. The overall total uncertainty in the retrieved D/H ratio is calculated by evaluation of additional sources of errors that include (1) temperature uncertainty: the 1σ error in the D/H ratio due to uncertainty in the retrieved temperatures is calculated by numerical modeling of selected data sets and for temperature errors of ∼ ±2 K, and is estimated to be ∼8.9%), (2) uncertainty in CH4 mixing ratio: based on the difference in the in situ measurement of the CH 4 mixing ratio of 1.41% by GCMS (Niemann et al. 2005 ) and the value of 1.6% determined by CIRS instrument (Flasar et al. 2005) , numerical modeling indicates an uncertainty in the D/H ratio of ∼3.6%, (3) spectral line data uncertainty: the error arising from a possible 10% bias in the spectral line data is estimated to be ∼1.5%. The overall 1σ uncertainty in the D/H ratio is quadrature sum of the above listed errors and is calculated as 1.6 × 10 −5 (9.9%). The weighted mean value of all of the CIRS spectra listed on Table 2 , based on best fitting of three individual spectral features separately is thus (1.58 ± 0.16) × 10 −4 with the total estimated uncertainty representing the standard deviation of the mean. This value appears to be about in the middle of the previously calculated CIRS value (Coustenis et al. 2007) , and the value determined from the in situ measurement of deuterated molecular hydrogen by the GCMS on the Huygens probe (Niemann et al. 2005) .
The D/H ratios for the individual spectral features at 1131, 1143, and 1156 cm −1 indicate systematic shift to lower values for the feature at 1156 cm −1 . The difference between the mean D/H ratios derived from the features at 1131 and 1143 cm −1 is only about 2%, whereas the value derived from the 1156 cm −1 feature is about 12% lower than the one derived from the one at 1131 cm −1 . The most likely cause appears to be the fact the features at 1131, and 1143 cm −1 are relatively isolated CH 3 D features, while the strong feature at 1156 cm −1 is composed of a mixture of strong CH 3 D and CH 4 spectral lines. Whereas other contributing factors may also be the source of this difference, another likely factor may be larger errors in the spectral parameters. In view of the uncertainties involved in a definitive interpretation of the source of the differences in the retrieved values from the three spectral features, the approach adopted here was to use a weighted mean of the three features. Table 4 . (b) A chart of some available measurements of the D/H ratios of astrophysical sources listed in Table 5 .
(A color version of this figure is available in the online journal.)
DISCUSSION
The measured values of the D/H ratio of Titan's atmosphere currently available in the literature exhibit a wide range of uncertainty as indicated by the listings in Table 4 , and as a chart with the estimated error bars for each measurement in Figure 8 (a). We have determined Titan's D/H ratio as (1.58 ± 0.16) × 10 −4 , obtained from an analysis of three spectral features around 1156 cm −1 region in a large number of individual data sets based on infrared observations of Titan by Table 5 , and as a chart in Figure 8 −5 , requiring some fractionation processes. High deuterium content in solar system bodies is generally considered to be an indication of being of pristine interstellar origin. In the dense interstellar clouds, the molecule HD is the main reservoir of D, with most of elemental abundance of D. The isotopic fractionation and enrichment of D is especially significant for the following considerations (e.g., Geiss & Reeves 1981; Tielens 1983 Tielens , 1996 Eberhardt et al. 1987; Millar et al. 1989 Millar et al. , 2003 Aikawa & Herbst 2003; Herbst 2003; Cordier et al. 2008 ).
Fractionation processes between H and D in natural as-
trophysical environments occur readily because of large relative mass difference between the two elements.
2. Ion-molecule exchange reactions driven by cosmic rays at low temperatures in interstellar clouds can produce high deuterium fractionations. These reactions could have occurred in the cold temperatures of the dense interstellar clouds from which the solar system was formed, or later in the cooling solar nebula. 3. In addition to ion-molecule reactions at cold temperatures, dust grain surface reactions produce large deuteration effects and are considered to be an important of source of deuterium enrichment. Molecular hydrogen (H 2 ) in the interstellar clouds is produced on the surfaces of dust grains with the association of H atom, whereas HD is produced both on grain surfaces as well as by gas-phase reactions. The deuterium fraction in the gas is thus enhanced substantially by both gas-phase and grain-surface processes, as the gasphase material accretes to dust grains. 4. High deuterium enrichment detected in cometary ices, chondritic meteorites, and interplanetary dust particles (Table 5 ) are consistent with the above considerations, where the deuterium enriched ices, dust grains with icy mantles, and meteoritic material may have condensed in the dense interstellar clouds or in the protoplanetary disk in which the solar system was formed.
In view of the above considerations, the second scenario of formation and evolution of Titan outlined in Section 2 appears to be more likely, and is consistent with the high deuterium enrichment of CH 4 indicated by the D/H ratio obtained from CIRS data analysis. In this scenario, it is assumed that deuterium enriched CH 4 originating in the presolar interstellar cloud was incorporated in icy planetesimals in the form of clathrate hydrates that were involved in the formation of Titan. No additional fractionation process need to be involved to interpret the current measured highly enriched D/H values of Titan, as they may be inferred from the values in the early solar nebula. 
